The C. elegans excretory cell (EC) is a powerful model for tubulogenesis, a conserved process that requires precise cytoskeletal regulation. EXC-6, an ortholog of the diseaseassociated formin INF2, coordinates cell outgrowth and lumen formation during EC tubulogenesis by regulating F-actin at the tip of the growing canal and the dynamics of basolateral microtubules. EXC-6 functions in parallel with EXC-5/FGD, a predicted activator of the Rho GTPase Cdc42. Here, we identify the parallel pathway: EXC-5 functions through CDC-42 to regulate two other formins: INFT-2, another INF2 ortholog, and CYK-1, the sole ortholog of the mammalian diaphanous (mDia) family of formins. We show that INFT-2 promotes F-actin accumulation in the EC, and that CYK-1 inhibits INFT-2 to regulate F-actin levels and EXC-6-promoted outgrowth. As INF2 and mDia physically interact and cross-regulate in cultured cells, our work indicates that a conserved EXC-5−CDC-42 pathway modulates this regulatory interaction and that it is functionally important in vivo during tubulogenesis.
INTRODUCTION
Biological tube formation and maintenance (tubulogenesis) is a conserved process that requires precise cytoskeletal regulation and is essential for organogenesis in all metazoans (Iruela-Arispe and Beitel, 2013) . The Caenorhabditis elegans excretory cell (EC) is a single-celled epithelial tube in which the cell's apical domain abuts the lumen and the basolateral domain is the outer edge. The EC is a 'seamless' tube that does not have adherens or tight junctions along its length; instead, it has a junction where it connects to its neighboring cell. Such seamless tubes are found in vertebrate vascular systems, as well as in invertebrate organs and glia (Sundaram and Cohen, 2016) .
The EC is a tractable model to study the genetic control of tubulogenesis (Sundaram and Buechner, 2016) . Several conserved regulators of tubulogenesis were identified in a pioneering screen for mutations that resulted in cystic excretory cell canals (Buechner et al., 1999) . One of these, exc-6, encodes an ortholog of the formin INF2 (Shaye and Greenwald, 2015) . INF2 is mutated in autosomal dominant focal segmental glomerulosclerosis (FSGS), a kidney disease, and Charcot-Marie-Tooth (CMT) neuropathy with associated FSGS (Boyer et al., 2011; Brown et al., 2010) . Disease-causing mutations that constitutively activate human INF2 can substitute for EXC-6 in EC tubulogenesis (Shaye and Greenwald, 2015) , further underscoring the conservation of function. Our analysis suggested that EXC-6 regulates basolateral microtubule dynamics, and organizes actin and microtubule cytoskeletons at the leading edge to coordinate basolateral and apical outgrowth during EC tubulogenesis (Shaye and Greenwald, 2015) . However, despite the well-characterized role of formins as canonical actin-polymerizing factors (Breitsprecher and Goode, 2013) , animals carrying an exc-6 null allele [hereafter null alleles will be denoted as (0)] did not display overt defects in F-actin levels in the EC. We therefore sought to identify actin-polymerizing factors that promote tubulogenesis in the EC, and to ascertain how they are regulated.
Members of the Rho/Rac/Cdc42 GTPase family are well-known actin regulators that function via a myriad of downstream effectors, including formins (Kühn and Geyer, 2014) . There is some evidence that the C. elegans ortholog of Cdc42 plays a role in EC tubulogenesis. First, either loss or excessive activity of EXC-5, an ortholog of the faciogenital dysplasia-associated (FGD) family of guanine exchange factors (GEFs) that specifically activate Cdc42 in biochemical and cell culture assays (Hayakawa et al., 2008; Huber et al., 2008; Kurogane et al., 2012; Miyamoto et al., 2003; Steenblock et al., 2014; Umikawa et al., 1999; Zheng et al., 1996) , causes defects in EC tubulogenesis (Buechner et al., 1999; Gao et al., 2001; Mattingly and Buechner, 2011; Suzuki et al., 2001) . Second, reduced cdc-42 activity causes mild EC phenotypes associated with defects in endocytic trafficking (Lant et al., 2015) , and overexpression of wild-type, dominant-negative, or activated CDC-42 also affect EC tubulogenesis (Mattingly and Buechner, 2011) . However, whether CDC-42 regulates actin in the EC and which actin-polymerizing factors may be involved has been unknown.
Here, we demonstrate that EXC-5 acts through CDC-42 to regulate two conserved formins in EC tubulogenesis: INFT-2, a second INF2 ortholog (and thus an EXC-6 paralog), and CYK-1, the sole ortholog of the mammalian diaphanous (mDia) family of formins. Cell culture and in vitro analysis suggest that human INF2 binds to mDia and inhibits its ability to polymerize actin (Sun et al., 2013 (Sun et al., , 2011 . Our work demonstrates that the reciprocal regulatory interaction occurs in vivo: CYK-1 negatively regulates the actinpolymerizing function of INFT-2, and this plays a role in regulating F-actin levels and EXC-6-promoted EC outgrowth. Our results suggest that a conserved network of formins, regulated by EXC-5 and CDC-42, regulates tubulogenesis in vivo, and we propose that During embryogenesis, the EC generates two processes, each containing a growing intracellular lumen, that first grow dorsally from the left and right sides of the EC body and then split to form four canals; two grow anteriorly and two grow posteriorly. During the first larval stage, the canals actively grow until they span almost the entire length of the animal: the anterior canals terminate prior to reaching the buccal cavity, and the posterior canals typically terminate at or near the rectum. Thereafter, the canals continue to grow passively to keep up with the lengthening body (Sundaram and Buechner, 2016;  Fig. 1A,G; Fig. 3A,B,D) .
We previously showed that EXC-6 is required for canal outgrowth, and that the canals of exc-5(0); exc-6(0) double mutants are shorter than in either single mutant, indicating that EXC-5 functions in a pathway parallel with EXC-6 (Shaye and Greenwald, 2015; see also Fig. 1B-D,G) . To identify this pathway, we investigated whether CDC-42, the putative target of EXC-5, functions in EC outgrowth. We first tested the effect of zygotic loss of CDC-42, denoted cdc-42(0*), as they must be derived from heterozygous mothers owing to maternal-effect lethality of the null allele. We found that cdc-42(0*) animals have normallength canals (Fig. 1E ,G) rather than a phenotype similar to exc-5(0), perhaps because of a maternal contribution of cdc-42(+). However, the canals of cdc-42(0*); exc-6(0) are short compared with exc-6(0) mutants (Fig. 1F,G) suggesting that, like EXC-5, CDC-42 functions in parallel with EXC-6 to regulate EC outgrowth.
To assess whether CDC-42 functions downstream of EXC-5, we investigated whether cdc-42(0*) can suppress the defects associated with exc-5 overexpression. Both EXC-5 loss and overexpression cause canal shortening; however, the underlying defects are distinct and opposite, underscoring the importance of coordinating apical lumen growth with basolateral cell outgrowth. In exc-5(0) there are large cystic regions associated with fragmented apical cytoskeleton and reduced F-actin (Buechner et al., 1999; Shaye and Greenwald, Table S1 . (A,A′) An otherwise wild-type hermaphrodite carrying arIs198, a transgene that expresses cytoplasmic cyan fluorescent protein (CFP) and LifeAct::TagRFP in the EC (Shaye and Greenwald, 2015) . This same transgene is visualized in all photomicrographs in this figure. The animal shown in A was visualized using differential interference contrast, with CFP and TagRFP fluorescence (cyan/magenta) superimposed. Fluorescence alone was visualized in A′, and in subsequent photomicrographs in this figure. The buccal cavity (bc), vulva (V) and rectum (rect.) are highlighted as landmarks to gauge extent of EC anterior (ant.) and posterior ( post.) canal outgrowth (cyan arrowheads). Asterisks mark the position of the EC body. (B) exc-6(0) hermaphrodites exhibit EC canal shortening. (C) exc-5(0) hermaphrodites exhibit EC canal shortening and cysts, as previously reported (Buechner et al., 1999; Gao et al., 2001; Suzuki et al., 2001 (Mattingly and Buechner, 2011; Suzuki et al., 2001 2015; Suzuki et al., 2001) , whereas EXC-5 overexpression causes excessive and convoluted apical lumen to form (Mattingly and Buechner, 2011; Suzuki et al., 2001 (Fig. 1H,J ). This defect was completely suppressed by cdc-42(0*) (Fig. 1I,J) , indicating that CDC-42 acts downstream of EXC-5 in the EC.
The formins INFT-2 and CYK-1 are expressed in the EC and regulated by Formins are well-known effectors of the Rho/Rac/Cdc42 GTPase family (Kühn and Geyer, 2014) . Canonical formins have several conserved domains ( Fig. 2A) , including two 'formin homology' domains (FH1 and FH2) that promote F-actin polymerization. FH domains are sometimes flanked by an N-terminal 'diaphanous inhibitory domain' (DID) and a C-terminal 'diaphanous autoregulatory domain' (DAD), which associate intra-molecularly to cause autoinhibition. Binding of activated Rho/Rac/Cdc42 GTPases to N-terminal sequences, such as the DID or other defined G protein-binding domains (GBDs), interferes with autoinhibition, leading to formin activation (Breitsprecher and Goode, 2013) . Our finding that CDC-42 acts downstream of EXC-5, and in parallel with EXC-6, in EC tubulogenesis suggested that GBD-and/ or DID-containing formins, which can be potentially regulated by CDC-42, might be actin-polymerizing factors in the EC. Two such formins were particularly compelling candidates ( Fig. 2A) : INFT-2, the second C. elegans INF2 ortholog and thus an EXC-6 paralog, because mammalian INF2 is regulated by Cdc42 via its DID Tables S1,S2) is expressed in the EC, and is found in the cytoplasm along the canals and at the leading edge tip. (F) Venus::CYK-1 (expressed from the transgene arEx2410; see Tables S1,S2 ) is seen in the cytoplasm and in distinct punctate structures that also accumulate LifeAct::TagRFP (see Movies 1 and 2). Punctate Venus::CYK-1 is lost in cdc-42(0*) mutants (see Movie 3). Arrows indicate punctate Venus::CYK-1 structures that accumulate LifeAct::TagRFP. Scale bars: 10 µm (B,E); 5 µm (C,F). (Madrid et al., 2010) ; and CYK-1, the sole ortholog of mDia (MiMi et al., 2012) , because a direct interaction between INF2 and mDia, modulated by Cdc42, had been described and found to regulate F-actin in cell culture (Sun et al., 2013 (Sun et al., , 2011 . In considering the relationship of the two C. elegans paralogs with INF2, we note that phylogenetic analysis clearly places INFT-2 in the same family as human INF2 (Mi-Mi et al., 2012; Fig. S1) , and that EXC-6 is more closely related to INF2, whether the analysis is based on the FH2 domain, which is generally the basis of such analyses (Chalkia et al., 2008; Liu et al., 2010; Mi-Mi et al., 2012) , or the entire protein (Mi-Mi et al., 2012; Fig. S1 ). Previous sequence analysis of the N terminus of C. elegans INFT-2 showed that it is diverged from mammalian formins even though it contains a predicted partial DID (Mi-Mi et al., 2012; Fig. S2) . We find that this partial DID retains some residues important for intra-molecular DID-DAD interactions, as well as some of the residues that are mutated in human disease, including those required for the INF2 and mDia inter-molecular interaction (Fig. S2) .
We found that INFT-2 and CYK-1 are expressed in the EC using translational green fluorescent protein (GFP) fusions expressed from fosmids (Sarov et al., 2012) . INFT-2::GFP colocalizes with LifeAct::TagRFP, an in vivo marker for F-actin (Riedl et al., 2008) , which is enriched along the lumen-lining apical membrane and at the leading edge (Fig. 2B) . We note that although a recent report suggests that LifeAct may affect actin dynamics (Courtemanche et al., 2016) , we find that several LifeAct::TagRFP-expressing transgenes do not cause any EC phenotypes (Shaye and Greenwald, 2015) , and LifeAct remains a reliable marker for measuring total Factin (Courtemanche et al., 2016 ; see also below). Venus::INFT-2, shown to function in the EC as described below, also colocalizes with F-actin, and colocalization was lost in cdc-42(0*) mutants (Fig. 2C,D) , suggesting that CDC-42 regulates INFT-2.
CYK-1::GFP is found in the cytoplasm and in punctate structures in many tissues (not shown). In the EC, it accumulates at the actinrich leading edge and in the cytoplasm (Fig. 2E ). Localization of a functional (see below) Venus::CYK-1 specifically expressed in the EC displays similar accumulation, with visible punctate structures that also accumulate LifeAct::TagRFP ( Fig. 2F, arrows ; Movies 1 and 2). Punctate accumulation of Venus::CYK-1 was greatly reduced in cdc-42(0*) mutants ( Fig. 2F ; Movie 3), suggesting that CYK-1 is also regulated by CDC-42.
INFT-2 and CYK-1 function in the EC as regulators of outgrowth
To assess roles for CYK-1 and INFT-2 in EC tubulogenesis, we analyzed mutants affecting these formins. A predicted inft-2(0) allele is viable (Mi-Mi et al., 2012) and does not cause overt EC defects (Fig. 3A) . We did not observe further shortening of the EC canals in exc-6(0); inft-2(0) double mutants compared with the exc-6(0) mutant (Fig. 3A) , suggesting that the two INF2 paralogs in C. elegans are not functionally redundant for this role. Although the distorted morphology of the EC, including the presence of multiple lumens, resulting from exc-6(0) precluded more detailed analysis of this double mutant, genetic interactions between inft-2 and cyk-1, and quantitative analysis of F-actin levels, suggest that INFT-2 regulates outgrowth and F-actin accumulation in the EC (see below).
A predicted cyk-1(0) allele causes maternal-effect sterility: homozygotes derived from heterozygous mothers survive to adulthood, but are sterile (Mi-Mi et al., 2012) . Such zygotic cyk-1(0*) mutants do not display EC defects (not shown). However, cyk-1(0*) combined with either exc-6(0) or inft-2(0) (see Table S1 ) causes synthetic embryonic lethality, suggesting that CYK-1 and Table S1 ) was performed by applying a temperature shift to achieve strong reduction of CYK-1 function in cyk-1(ts) mutants, as described in the main text and in Materials and Methods. For each genotype, n≥76 canal arms were scored. Concomitant loss of EXC-6 and CYK-1 causes a strong synergistic effect, similar to that seen in exc-6(0); exc-5(0) and cdc-42(0*); exc-6(0) double mutants (Fig. 1G ). Single inft-2(0) and cyk-1(ts) mutants do not display outgrowth defects, but the cyk-1(ts); inft-2(0) double displays significant overgrowth that is overcome by loss of exc-6. (B,C) In a wild-type background (B), the anterior (Ant.) canal terminates well before reaching the buccal cavity (bc) and the posterior (Post.) canal terminates at the rectum (rect.) whereas in cyk-1(ts); inft-2(0) hermaphrodites (C) there is significant overgrowth. (D) Quantification of anterior canal overgrowth in cyk-1(ts); inft-2 (0) double mutants, and rescue by Venus-tagged INFT-2 (arEx2406) and CYK-1 (arEx2410). Each dot represents the distance (in µm) from the tip of an anterior canal arm to the buccal cavity, with the red bar representing the mean of all measurements. (E) Loss of INFT-2 suppresses, whereas loss of CYK-1 exacerbates, the defects caused by Venus::EXC-5 overexpression (arEx2360). In the triple combination, the outgrowth phenotype is not significantly different from that of inft-2(0); Ex[Venus::EXC-5] double mutants.
For each genotype, n≥60 canal arms were scored. Scale bars: 10 µm.
the INF2 paralogs may play redundant essential roles during embryonic development. To bypass the synthetic lethality of genetic combinations with cyk-1(0), we used a recessive, fast-acting and strong temperature-sensitive (ts) allele of cyk-1 (Davies et al., 2014; Jordan et al., 2016) . We shifted cyk-1(ts) mutant embryos to the non-permissive temperature and maintained them at the restrictive temperature until they were L4 larvae or young adults, so that EC development occurred primarily or exclusively at the restrictive temperature (see Materials and Methods). This protocol was followed for both single and compound mutants. We note that by using this protocol we are interfering with CYK-1 function both during the embryonic/early larval 'active' EC outgrowth phase, and during the later larval 'passive' outgrowth phase (Sundaram and Buechner, 2016) . Therefore, any defects seen may reflect disruption of either, or both, these stages of EC outgrowth. Although single cyk-1(ts) mutants did not display any obvious EC defects, in exc-6 (0) cyk-1(ts) double mutants, there is strong enhancement of the exc-6(0) canal-shortening phenotype (Fig. 3A) , similar to that seen in exc-6(0); exc-5(0) and cdc-42(0*); exc-6(0) double mutants (Fig. 1G ). This observation is consistent with CYK-1 functioning in the same pathway as EXC-5 and CDC-42, in parallel with EXC-6, to promote EC outgrowth. We examined cyk-1(ts); inft-2(0) double mutants and saw overgrowth of both anterior and posterior canals (Fig. 3A,C,D) . This observation was surprising, because exc-6(0); cyk-1(ts) double mutants had shorter canals, suggesting that CYK-1 promotes outgrowth, and because exc-6(0); inft-2(0) double mutants had the same phenotype as the exc-6(0) single mutant, which initially suggested that INFT-2 does not play a role in outgrowth. Instead, the extended canals of cyk-1(ts); inft-2(0) double mutants suggest that CYK-1 and INFT-2 have redundant inhibitory roles in EXC-6-promoted outgrowth. This conclusion is supported by the observation that the cyk-1(ts); inft-2(0); exc-6(0) triple mutant does not display overgrowth (Fig. 3A) . Moreover, cyk-1(ts) exc-6(0) double mutants, which show synergistic effects for EC outgrowth, still continue to show the cystic and multiple-lumen phenotypes of the exc-6(0) single mutant (Fig. S3 ). This epistatic relationship is consistent with CYK-1 acting upstream of EXC-6, directly or indirectly, to modulate its function.
The inhibitory role of INFT-2, revealed when inft-2(0) is combined with cyk-1(ts), is the only role we have detected in EC outgrowth for this formin. This further underscores the lack of functional redundancy beween INFT-2 and EXC-6, which only plays a positive role. Detection of both positive and negative roles for CYK-1 in outgrowth, revealed in cyk-1(ts) double mutants with exc-6(0) and inft-2(0), respectively, suggests that CYK-1 may have multiple targets in EC tubulogenesis. We infer that reduced CYK-1 activity creates a sensitized background, where the resulting phenotype (EC overgrowth or reduced outgrowth) depends on whether loss of a positive or a negative outgrowth regulator is combined with cyk-1(ts).
The canal-overgrowth phenotype of the cyk-1(ts); inft-2(0) double mutant allowed us to test both EC-autonomy and functionality of the Venus-tagged proteins studied in Fig. 2 . Transgenes expressing either Venus::INFT-2 or Venus::CYK-1 in the EC rescued the synthetic overgrowth phenotype of cyk-1(ts); inft-2(0) double mutants (Fig. 3D) , indicating that these formins act in the EC and that the Venus-tagged proteins used to assess localization are functional. Taken together, these results suggest the existence of a functional network involving all three formins (the two INF2 orthologs, EXC-6 and INFT-2, and CYK-1) in the EC that regulates outgrowth during tubulogenesis.
The activities of CYK-1 and INFT-2 are regulated by the EXC-5−CDC-42 pathway
To determine whether the outgrowth-modulating activities of CYK-1 and INFT-2 are regulated by the EXC-5−CDC-42 pathway, we analyzed how loss of these formins modifies the phenotype caused by overexpressing Venus::EXC-5 (Fig. 3E) . We found that inft-2(0) suppressed the EC outgrowth phenotype caused by Ex[Venus:: EXC-5], as well as other phenotypes (Fig. S4) , suggesting that INFT-2 functions downstream of the EXC-5−CDC-42 pathway. In both this genetic test and in the double cyk-1(ts); inft-2(0) mutant, the genetic behavior of inft-2 is consistent with a role as a negative regulator of EC outgrowth in this pathway.
By contrast, the cyk-1(ts) mutation enhanced the EC outgrowth phenotype caused by Ex[Venus::EXC-5] (Fig. 3E) as well as other phenotypes (Fig. S4) , consistent with the hypothesis that cyk-1 is a positive regulator of outgrowth suggested by the strong enhancement of the exc-6(0) outgrowth defect in cyk-1(ts). CYK-1 might act by inhibiting a negative regulator activated by the EXC-5−CDC-42 pathway, the most obvious candidate being INFT-2. Our genetic, F-actin, and Venus::INFT-2 accumulation data below support this hypothesis.
Finally, we considered the genetic interactions between cyk-1 and inft-2 in relation to an over-activated EXC-5−CDC-42 pathway. When we examined the effect of simultaneous reduction of both formins on the canal phenotypes caused by Ex[Venus::EXC-5], we found that canal shortening (Fig. 3E) , and other EC phenotypes (Fig. S4) , were suppressed, as in the inft-2(0) single mutant. Essentially, inft-2(0) is epistatic to cyk-1(ts) in these genetic assays, consistent with a function for INFT-2 downstream of CYK-1.
CYK-1 regulates inft-2-dependent F-actin levels and INFT-2 accumulation
Formins are canonical actin-polymerizing factors (Breitsprecher and Goode, 2013 ), so we investigated whether the EXC-5−CDC-42 pathway, and its downstream effectors, the formins INFT-2 and CYK-1, regulate F-actin in the EC by quantifying LifeAct::TagRFP fluorescence (Riedl et al., 2008) using in vivo spinning disk confocal microscopy ( Fig. 4A,B ; Materials and Methods). We note that although recent evidence suggests that LifeAct may affect actin polymerization kinetics, it remains a reliable marker for measuring the total number of polymerized actin molecules (Courtemanche et al., 2016) .
F-actin is significantly reduced in exc-5(0) compared with wild type (Fig. 4B, green and blue, respectively) , similar to the reduction in F-actin seen in inft-2(0) (Fig. 4B, yellow) , suggesting that INFT-2 promotes F-actin accumulation in the EC. Conversely, F-actin is significantly increased in cyk-1(ts) mutants, suggesting that this formin inhibits F-actin accumulation in the EC (Fig. 4B, red) , consistent with our genetic observations that INFT-2 and CYK-1 can play opposing roles in EC outgrowth. Finally, the increased Factin seen in cyk-1(ts) is dependent on INFT-2, as the cyk-1(ts); inft-2(0) double mutant displays reduced F-actin (Fig. 4B , orange) compared with cyk-1(ts) alone. To determine whether CYK-1 regulates INFT-2 by modulating its levels and/or localization, we crossed the Venus::INFT-2 reporter into cyk-1(ts). We found a significant increase in Venus::INFT-2 accumulation at the apical membrane (Fig. 4C,D) , suggesting that CYK-1 is a negative regulator of INFT-2 levels and/or accumulation. Together, the genetic and F-actin accumulation analyses show that INFT-2 is an actin-polymerizing factor in the EC, and that its activity is inhibited by CYK-1.
DISCUSSION
Unicellular tube formation requires coordinated growth of apical and basolateral membranes. During EC tubulogenesis, EXC-6, one of two C. elegans orthologs of human INF2, promotes outgrowth by regulating basolateral microtubule dynamics and by organizing the F-actin/microtubule-rich leading edge structure, which coordinates the growth of both membranes (Shaye and Greenwald, 2015) . Here, we have defined a parallel genetic pathway headed by exc-5, which encodes the ortholog of human FGD, an established activator of the Rho GTPase Cdc42. We show that during EC tubulogenesis, EXC-5 acts through CDC-42 to regulate the activity of two other formins: INFT-2, the other C. elegans INF2 ortholog, and CYK-1, the sole ortholog of the mammalian diaphanous (mDia) family of formins.
We have also examined the accumulation of fluorescently tagged proteins in different mutant backgrounds to probe the roles of these genes from a cell biological perspective. We thereby show that INFT-2 promotes apical and leading edge F-actin accumulation. We also show that CYK-1 negatively regulates INFT-2 apical localization, inhibits the ability of INFT-2 to promote F-actin accumulation, and may act via a distinct target to inhibit basolateral outgrowth. As INF2 and mDia physically interact and cross-regulate in cultured cells (Sun et al., 2013 (Sun et al., , 2011 , we propose that the conserved EXC-5−CDC-42 pathway modulates their physical interaction and that this regulation and interaction are functionally important in vivo during tubulogenesis.
Model for how the EXC-5−CDC-42 pathway regulates a formin network during EC tubulogenesis
Our data suggest a model for regulatory interactions within this pathway that has six components labeled in Fig. 5A . (1) (Lant et al., 2015; Mattingly and Buechner, 2011) , we speculate that the CDC-42-promoted Venus::CYK-1 punctae are endocytic vesicles, and that accumulation of F-actin in these punctae might reflect another mechanism by which CYK-1 regulates F-actin levels.
One possible mechanism for modulating F-actin levels upon loss of CYK-1 or INFT2 is suggested by studies in fission yeast, where loss of one actin-polymerizing factor may promote the activity of another indirectly by increasing the pool of available cytoplasmic actin (Burke et al., 2014) . However, in yeast this mechanism seems non-specific, as loss of one actin-polymerizing factor leads to increased activity of several others (Burke et al., 2014) . By contrast, our observations in the EC suggests that there is specificity, as loss of INFT-2, unlike reduction of CYK-1, does not lead to increased F-actin accumulation.
We therefore favor an alternative model in which the CYK-1-mediated inhibition of INFT-2 is specific and direct (Fig. 5B) . This model is based on the fact that in vitro and in cell culture, binding of the INF2-DID to the mDia-DAD inhibits mDia actin-polymerizing activity (Sun et al., 2013 (Sun et al., , 2011 . We note that in the partial INFT-2-DID, the residues important for INF2-DID binding to the mDia-DAD, which are mutated in patients with autosomal dominant In the scatter graph, each point represents a measurement carried out on a single 0.5 µm confocal z-section to prevent confounding additive effects from projections. For each genotype, ≥10 canals were analyzed, with three to seven z-sections measured for each (depending on canal topology), to ensure measurement of entire width of lumen and tip. The 'tip' measurements were performed on an area, typically ∼5 µm 2 , at the end of posterior EC canals. The 'canal' measurements were performed on a similar-sized area at least 5 µm away from the tip, to avoid measuring regions that might belong to the leading edge. FSGS, are conserved (Fig. S2) . Therefore, direct binding between the INFT-2-DID and the CYK-1-DAD might also occur. Importantly, in the EC we found that CYK-1 inhibits the actinpolymerizing activity of INFT-2; the reciprocal effect to that seen in previous studies (Sun et al., 2013 (Sun et al., , 2011 . Whether this reciprocal effect can also be observed with human mDia and INF2 will require more precise in vitro and cell culture studies.
It has recently been shown that mDia acts upstream of INF2 to promote its microtubule-stabilizing activity, and direct binding of the INF2-DID to the mDia-DAD for this function was suggested by the requirement for INF2-DID residues important for mDia-DADbinding (Bartolini et al., 2016) . It is known that INF2 can bind to microtubules and F-actin simultaneously in vitro (Gaillard et al., 2011) , raising the question of how these two INF2 activities (microtubule stabilization and F-actin polymerization) are regulated and coordinated. Based on our results, and those of Bartolini et al. (2016) , it is tempting to speculate that mDia acts as a 'switch' to modulate INF2 function, such that mDia binding to INF2 inhibits its actin-polymerizing function, perhaps by regulating INF2 accumulation as we have seen in the EC, and concomitantly promotes other functions, such as microtubule stabilization.
Potential implications for human disease
Like EXC-5 in EC tubulogenesis, members of the mammalian FGD family have been implicated in various tubulogenic processes, such as vascular development (Cheng et al., 2012; Daubon et al., 2011; Kurogane et al., 2012) . Moreover, recessive loss-of-function mutations in FGD4 underlie a CMT neuropathy that exhibits cellular phenotypes similar to those caused by dominant gain-offunction mutations in INF2 (De Sandre-Giovannoli et al., 2005; Delague et al., 2007; Fabrizi et al., 2009; Mathis et al., 2014) . Our model suggests a parsimonious explanation for how recessive mutations in FGD4 and dominant mutations in INF2 might cause similar phenotypes.
Previously, it was proposed that the interaction between INF2 and mDia inhibits the actin-polymerizing activity of mDia, and that disruption of this interaction, triggered by disease-causing mutations in the INF2-DID, resulted in excessive mDia activity and disease (Sun et al., 2014 (Sun et al., , 2013 (Sun et al., , 2011 . However, in this model, it is difficult to envision how mutations that disrupt the ability of INF2 to bind to, and inhibit, mDia would result in a dominant phenotype, as the remaining wild-type INF2 copy in heterozygous patients should be able to provide mDia-inhibiting activity. Instead, our model in which mDia is a target of FGD/Cdc42 signaling that inhibits the actin-polymerizing activity of INF2 provides a straightforward explanation for the genetic properties of diseasecausing mutations: recessive, loss-of-function mutations in FGD4 may lead to decreased activation of mDia and hence promote INF2 actin-polymerizing function. Similarly, gain-of-function mutations in INF2, which disrupt the INF2-mDia interaction (Sun et al., 2011) , would lead to loss of mDia-mediated INF2 inhibition in a dominant manner. In both cases, the effect of the mutations would be predicted to cause excessive F-actin accumulation, a hallmark of INF2-associated dominant CMT neuropathy (Mathis et al., 2014) , and perhaps to defects in microtubule dynamics (Bartolini et al., 2016) , which we have proposed might also contribute to INF2-associated diseases (Shaye and Greenwald, 2015) .
MATERIALS AND METHODS

Strains and transgenes
Full genotypes are listed in Table S1 . Alleles and balancer chromosomes are described in WormBase (http://www.wormbase.org/). Primers used to Shaye and Greenwald, 2015) . (B) At the cellular level, we previously showed that EXC-6/INF2 (green triangles) accumulates at the leading edge and along basolateral microtubules, regulating microtubule dynamics and promoting EC outgrowth (Shaye and Greenwald, 2015) . Here we have shown that EXC-5/FGD ( purple stars) and CDC-42 (diamonds) regulate CYK-1/mDia (yellow circles) and INFT-2/INF2 (red squares). CYK-1/mDia is found in the cytoplasm and at the leading edge, and can form punctae, some of which accumulate F-actin. INFT-2/ INF2 is found along the apical F-actin cytoskeleton, as well as colocalizing with F-actin at the leading edge. We note that there may be other EXC-5/ FGD-CDC-42 targets, because the exc-5(0) outgrowth and cystic phenotypes were not seen in inft-2(0) or cyk-1(ts) single or double mutants. In inft-2(0) mutants, F-actin levels are significantly reduced, whereas in cyk-1 (ts) mutants F-actin levels are greatly increased, dependent on inft-2 activity. We therefore propose that CYK-1 and INFT-2 modulate outgrowth at least in part by fine-tuning the levels of apical and leading-edge F-actin. When this regulatory mechanism is lost, as in cyk-1(ts); inft-2(0) double mutants, the outgrowth-promoting activities of EXC-6/INF2, and perhaps other EXC-5-CDC-42 target(s), are not properly regulated, resulting in excessive outgrowth.
confirm genotypes are listed in Table S3 . The following alleles, balancers and transgenic markers were used:
LGII: cdc-42(gk388) (a 478 bp deletion that removes part of the 5′ upstream region and the first exon, thus deleting transcription and translation start sites), mIn1[mIs14]
LGIII: exc-6(gk386) (a 1345 bp deletion that removes part of the 5′ upstream region, the entire first and part of the second exon), cyk-1 (ok2300) (an 827 bp deletion that removes the FH2 domain, and sequences C-terminal to this domain), cyk-1(or596ts), qC1[nIs189]
LGIV: exc-5(rh232) [a 4564 bp deletion that removes the first 12-13, out of 16-17, exons (depending on the isoform)], nT1[qIs51]
LGV: inft-2(ok1296) (a 719 bp deletion that removes the FH1 and FH2 domains, and sequences C-terminal to these domains), nT1[qIs51]
LGX: arIs198 (Shaye and Greenwald, 2015) Unmapped: arIs195 (Shaye and Greenwald, 2015) . All transgenes generated in this study, and the plasmids used derive them, are described in Table S2 . See supplementary Materials and Methods for further details.
Molecular biology
Standard methods were used for PCR and cloning. Table S3 lists all primers used for cloning and sequencing the constructs generated. We amplified the cDNAs for exc-5 and inft-1 from the ProQuest C. elegans cDNA library (Life Technologies) and the cDNA for cyk-1 was kindly provided by D. Pruyne (SUNY Upstate Medical University, NY, USA).
Phenotypic analysis
Analysis of all strains in Fig. 1 was performed with animals grown at 25°C and scored by wide-field microscopy. For transgenes visualized in Fig. 2B , C,D,F, animals were grown at 22 or 25°C and imaged by spinning disk confocal microscopy (see below). All strains in Figs 3 and 4 were analyzed using a temperature-shift strategy: adult hermaphrodites were allowed to lay eggs at 15°C for ∼24 h, then the adults were removed and F1 embryos were grown at 25°C, the restrictive temperature (Davies et al., 2014; Jordan et al., 2016) , until L4 to young adult stage, when they were scored. We always examined the youngest animals in our temperature-shift experiments (i.e. L4s or young adults, from plates that contained many gravid adults), in order to score only those animals that had been subjected to the non-permissive temperature since the earliest stages of embryogenesis. Strains in Fig. 3 were scored by wide-field microscopy, and those in Fig. 4 were scored by spinning disk confocal microscopy.
Wide-field microscopy
Larvae were mounted on 5% agarose pads using 12.5 µM levamisole in M9 buffer as anesthetic. Phenotypes were scored using a Zeiss Axio Imager Z1 microscope through a Plan-Apochromat 40×/1.4 oil objective. Photomicrographs in Fig. 1 were taken through an EC Plan-Neofluar 10×/ 0.3 NA objective using a Hamamatsu ORCA-ER camera. Fluorescence illumination was provided by an X-Cite 120Q light source (EXFO Photonic Solutions). Images were processed with Fiji/ImageJ (http://imagej.nih.gov/ ij/index.html).
Spinning disk confocal microscopy
Larvae were mounted as described above for wide-field microscopy, imaged using a Yokagawa CSU-10 spinning disk unit mounted on a Zeiss Cell Observer Z1, and filmed with a Photometrics Evolve EMCCD camera. Photomicrographs in Fig. 2 and Fig. 4C , and those used to make Movies 1-3, were taken using a Plan-Apochromat 63×/1.4 oil objective. Photomicrographs in Fig. 3 and Fig. 4A were taken using a PlanApochromat 40×/1.4 oil objective. Acquisition settings for each transgene are listed below or in the supplementary Materials and Methods. Images were processed with Fiji/ImageJ.
Quantification of Venus::INFT-2 accumulation
Wild type and mutants carrying arEx2406 were grown and imaged as described in supplementary Materials and Methods. Between four and ten 1 µm z-sections were taken for each sample, and maximum projections were generated in Fiji/ImageJ to ensure capturing the entire width of the EC canal being measured. Because Venus::INFT-2 was expressed from an extrachromosomal array, Venus levels between animals were variable and images were processed to enhance contrast/brightness. We note that this processing was linear and applied to the entire field of each sample, so the same processing occurred at the apical and cytoplasmic regions and should not affect measurements. In Fiji/ImageJ we selected an 'apical' region-ofinterest (ROI), as the region overlapping LifeAct::TagRFP, and a similarly sized 'cytoplasmic' ROI outside the region marked with LifeAct::TagRFP. We measured Venus fluorescence in the two regions and calculated the ratio of apical to cytoplasmic fluorescence. This measurement is internally controlled, as differences in expression levels from animal to animal should not affect the ratio of apical versus cytoplasmic levels in a given individual.
Quantification of LifeAct::TagRFP levels
Wild type and mutants carrying arIs198 were grown in parallel and subjected to temperature shift as described above. Larvae were mounted and filmed by live spinning disk confocal microscopy as described above. Acquisition settings for all genotypes were: CFP (445 nm) laser power at 3.3%, EM gain 600, and exposure 100 ms; TagRFP (561 nm) laser power at 10.8%, EM gain 570, exposure 300 ms. Representative pictures shown in Fig. 4A are maximum projections of five to eight 0.5 µm z-steps. Images used for quantification were not projected or processed. We used Fiji/ImageJ to select an ROI that encompassed the 'tip' and 'canal' regions, and measured fluorescence intensity within the ROI for CFP and TagRFP channels as described in the legend for Fig. 4B .
